The thermal resistances of the slag films and the air gap between the slab and the mold are important factors in heat transfer and lubrication control inside a continuous casting mold. The formation, evolution, composition and distribution of the slag film and air gap have significant influences on the initial solidification of the strand shell and slab quality. In this paper, based on experimentally measured thermocouple data and casting conditions, an inverse problem model of mold heat transfer is developed, with the purpose of accurately predicting the mold heat transfer states and slab solidification processes of actual casting conditions. Furthermore, a numerical model of the heat transfer between the air gap and the liquid/ solid slag films is developed, based on analysis of the formation mechanism, distribution and heat transfer characteristics of the air gap and slag films. The non-uniform distribution of the thermal resistance of the air gap and the liquid/solid slag films, and the heat conduction and heat radiation inside them are simulated, which provide a theoretical foundation for exploring the complicated heat transfer behavior and surface crack prediction during the continuous casting process.
Introduction
The thermal resistances of slag films and the air gap between a slab and a mold are the key factors for limiting heat transfer in a continuous mold. It is therefore necessary to identify and control the heat transfer processes between the mold and the slab. In conventional research, a variety of numerical models were developed to simulate heat transfer behavior between strand and mold. Yamauchi et al. developed a mathematical model based N-S equation and Bikerman equation, to calculated the thickness distribution of liquid slag films. 1) To investigate the lubricated behavior of mold flux, Meng and Thomas proposed a model to simulate the thickness of liquid slag and solid slag by using the heat conservation and classical heat resistance method. 2) Ramirez-Lopez et al. predicted a model to study the periodic behavior of flow and variation of liquid slag during the mold oscillating process.
3) However, most of previous investigations used the heat flux empirical formula as boundary condition and ignored the complex and non-uniform heat transfer in mold, leading to symmetric and homogeneous results. Thus, the simulation results always deviate from the real situation because of the complicated heat transfer phenomenon, uneven infiltration of the molten slag, and different mold installations, which results in the non-uniform distribution of temperature, heat flux, shell thickness, mold deformation, shell cracking, and even sticking breakout. Furthermore, few reports have been published on liquid/ solid slag films and the impact of the air gap thermal resistance on heat transfer in a mold. It is essential to investigate the functions and mechanisms of the thermal resistances of the air gap and liquid/solid slag films during heat conduction and heat radiation process, as well as to establish some quantitative experimental values for use in the models.
The purpose of this article is thus to develop a numerical model that comprehensively considers the non-uniform distribution of the thermal resistances of the air gap and liquid/ solid slag films. The model consists of two parts: (1) the inverse problem numerical model, which is used for solving non-uniform heat transfer and solidification behavior in the mold in accordance with the experimentally measured data, and (2) the air gap and slag film heat transfer calculation model, which is based on the principle of heat conservation, to study the non-uniform thicknesses distribution, thermal resistance, heat conduction and heat radiation of the air gap and the liquid/solid slag films.
Model Description

Heat Transfer Model
Owing to the complicated heat transfer behavior in a mold, the model is simplified as shown below: 4) Heat transfer along the casting direction is neglected, and the total heat transfer is thus transformed to a twodimensional unsteady state problem;
The top and bottom copper plates of the mold are considered to be adiabatic;
The properties of copper mold, such as the density, heat capacity and heat conductivity are constant, because they will display insignificant changes at temperatures below 400°C;
The cooling water extends from the mold bottom to the top, neglecting the boiling of cooling water in water jacket; the heat loss of steel in the meniscus caused by the melting endothermic effect of powder is neglected.
On the basis of the above assumptions, the heat transfer equations between the mold and slab can be established as follows:
where ρ is the density, in units of kg/m 3 ; c is the heat capacity, J/(kg·K); τ is the time, s; x and y are the coordinates representing the width and the thickness directions, respectively, m; λ is the heat conductivity of the metal, W/(m·K); the subscripts mold and steel represent the copper plate and the liquid steel, respectively; T is the temperature, K; and Q source is the latent heat source of the steel, J/kg, which is dealt with using an equivalent specific heat method in this paper.
The initial conditions are τ = 0, T = T p (where T p is the casting temperature).
The boundary conditions for the interface between the mold and slab are: where q w and q n are the heat fluxes of the wide and narrow interfaces between the mold and slab respectively, W/m 2 . These equations are underdetermined and should be solved using an inverse algorithm because of the unknown heat fluxes q w and q n .
Inverse Problem of Heat Transfer
The simulation consists of mold heat transfer and steel solidification calculations, both of which require the local heat flux between the mold and slab, q i j p , (where i and j represent the row and column numbers of the thermocouples installed inside mold plates, respectively, and p refers to the number of iterations) as the boundary conditions. For the mold temperature field calculation, q i j p , can be derived by iteration inverse calculation using the experimentally measured thermocouple temperatures described below. Subsequently, the heat transfer and solidification problems can be solved using the heat fluxes that were calculated by the inverse algorithm as the boundary conditions. where Δq i j p , is the adjustment value of the heat flux, W/m 2 . The convergence of the calculation is evaluated using the root mean square (RMS) between the calculated and measured temperatures. The iteration will be halted and the anticipated heat flux obtained only when the RMS is lower than 3°C.
Thus, q i j p , can be derived by iterations using the experimentally measured thermocouple temperatures and is viewed as the actual value of the heat flux under real casting conditions. Subsequently, the heat flux obtained from the IHTP is set as the boundary condition for the direct heat transfer problem model, and the heat transfer of the mold and strand solidification can be solved. In addition, the temperature profile of the hot face of the mold and the shell surface can be calculated. Descriptions, validation and discussion of the inverse problem algorithm are given in references.
6,7)
Model for Heat Transfer of the Slag Films and Air
Gap In the region of the meniscus, the mold powder melts and infiltrates into the channel between the slab and the mold, forming a liquid film that is in contact with the steel and a solid film that is close to the chilling mold. The temperature of the slab shell decreases quickly with the intense cooling action of the mold plates. Below the mid-lower part of the mold, if the shell surface temperature becomes lower than the powder solidification temperature, the liquid slag that is attached to the shell totally disappears, and transforms to solid slag that is attached to the mold inner wall. This means that no more liquid flux enters into the channel between the slab and the mold. Along the casting direction, as the slab shell gradually thickens, shrinks and separates from the mold, an air gap appears and grows thicker.
In previous studies, 7) the air gap is considered to be generated between the slab and solid slag, which may be unreasonable for discussing the effects of solid friction on crack generation, and it cannot explain the oscillation mark and solid slag consumption. This is because if the air gap locates between the slab and slag slayer, which means the solid slag does not contact to slab surface directly and thus cannot apply any friction force on the slab surface. In other words, the mold friction is zero as the solid slag and air gap forms. This conflicts with the generally consensus viewpoint that the higher solid friction on initial solidified shell is one of the leading causes of surface cracks. By the same token, the non-contact situation between solid slag and slab also cannot account for the powder consumption by solid slag attaching to slab surface. Therefore, the model in this paper is revised by considering that the air gap is generated between the mold and solid slag for the subsequent discus-sions of solid slag consumption and friction calculation. 8) Based on the principles described above, the existing states of slag layers and air gap can be divided into three modes, as shown in Fig. 1 : I. When T s (slab surface temperature) > T fsol (slag solidification temperature), both a liquid slag layer and a solid slag layer exist in the channel. II. When T s = T fsol , the liquid slag film disappears and transforms into solid slag, and the channel is filled entirely by the solid slag. III. When T s < T fsol , an air gap begins to appear due to the shrinkage of the strand shell, and the channel is composed of solid slag layers and an air gap. Heat conduction, as the basic mechanism of heat transfer, plays an important role in air gap and slag layer formation. In addition, heat radiation also occurs in the air gap and liquid/solid slag films. Therefore, both heat conduction and heat radiation should be considered when calculating the thermal resistances. In general, because of higher temperature and the good contact status between the slab and liquid slag, the contact thermal resistance of the interface between the slab and liquid slag can be assumed to be negligible. However, due to the relatively rough interface between the mold and solid slag, it is essential to consider the thermal resistance between the mold plates and solid slag. 9, 10) Based on analysis of the states of the slag layers and air gap between the mold and slab mentioned above, the heat conservation principle, heat transfer equations under the three modes can be established as given in Table 1 .
Where q is the heat flux, W/m 2 ; q inv is the heat flux obtained using the IHTP model, W/m 2 ; T s is the slab surface temperature, K; T fsol is the solidification temperature of the slag, K; T m is the temperature of the mold hot face, K; T m/s is the contact temperature between the mold and solid slag, K, which can be calculated using the mold hot face temperature and heat flux; T b is the interfacial temperature between the air gap and solid slag, K; R int means the contact thermal resistance between the mold and solid slag layer, m 2 ·K/W. R is the thermal resistance, m 2 ·K/W; k is the thermal conductivity, W/(m·K); α is the absorption coefficient, 1/m; d is the thickness, m; ε is the emissivity; σ is the StefanBoltzmann constant, W/(m 2 ·K 4 ); m is the refractive index. The subscripts l, s, a, m and st represent the liquid slag, solid slag, air gap, mold and steel, respectively; and superscripts con and rad represent heat conduction and heat radiation, respectively; ε f is the emissivity of slag film.
Based on results such as the heat flux, the mold hot face temperature and the slab surface temperature obtained from the inverse heat transfer model, the developed numerical model for the slag/air gap calculation is used to calculate the thickness and thermal resistance of the air gap and slag layers. I. For mode I, the thickness and thermal resistance of the liquid slag can be calculated using q l and T s obtained from the inverse problem model, by substituting and solving Eqs. (6)- (16). The thickness and thermal resistance of the solid slag can be derived in the same manner. II. For mode II, the thickness and thermal resistance of the solid slag can be derived by substituting and solving Eqs. (17)- (23). III. For mode III, because there is no additional supplement of liquid slag and by neglecting the shrinkage of the solid slag, the thickness of the solid slag can be considered to be constant after the air gap appears. Thus, the thickness and thermal resistance of the air gap in this region can be obtained by substituting and solving Eqs. (24)- (30). By using the slag/air gap calculation model, the thicknesses and thermal resistances of different layers (including the liquid slag, solid slag and air gap) can be calculated, and their non-uniform distribution characteristics can be analyzed.
Experimental Details and Calculation Parameters
The monitoring experiments of mold temperatures were conducted on a curved slab caster, which produced a slab of thickness 320 mm and width 2 700 mm. For detecting sticking breakout and heat transfer behavior inside the mold, 42 thermocouples were embedded into the mold wall at three different heights from the top of the mold: 210 mm, 335 mm and 445 mm. There were 6 columns of thermocouples on each wide face and one column for each narrow face, respectively. The arrangements of the thermocouples were the same at the inside radius and outside radius, but the distances from thermocouple tip to the hot surface were different, 24 mm from the outside radius and 14 mm from the inside radius. The measurement frequency of the mold temperature was 1 Hz.
The temperature values in this study were detected over the duration of the steady casting state, and the casting parameters were also collected and recorded synchronously, and are given in Table 2 . The average temperatures of each thermocouple during the 20 min were chosen for calculation. In the simulating procedure, the heat flux is first calculated using the inverse heat transfer model and average temperature of each thermocouple, and then the real heat flux obtained are loaded as a boundary condition to calculate the mold heat transfer, strand solidification and the thermal resistance of the air gap and slag layers. The thermo-physical property parameters of the mold copper plate and steel are given in Table 3 . Most of the thermophysical properties of mold fluxes are quoted from the Refs. 11) and 12), as shown in Table 4 . 
Non-uniform Thermal Resistance
Thermal Resistance of the Liquid Slag Film
The thermal resistance of the liquid slag film is the key factor for heat transfer in the middle upper part of the mold. Figure 2 shows the distribution of the resistance of the liquid slag film over the wide face of the mold with a casting speed of 0.65 m/min. The thickest liquid slag film, about 0.6 mm in thickness, is located around the meniscus, because of the relatively higher temperature and surface tension between the slag and steel. The thermal resistance of the liquid slag is thus maximal around the meniscus, and is approximately 2.1 × 10 − 4 m 2 ·K/W. The non-uniform distribution characteristics are obvious along the slab width direction. The difference between the maximum (700 mm from the left corner) and the minimum (200 mm from the right corner) thermal resistance of the liquid slag is greater than 3 × 10 − 5 m 2 ·K/W. The apparent difference, which leads to a decline in the heat transfer uniformity in the area around the meniscus and the non-uniform distribution of the slab shell, may be the key factor for generating slab cracks. Within 100 mm below the meniscus, the variation of the thermal resistance is relatively large along the casting direction; however, there appears to be a decreasing trend along the slab width direction. With decreasing temperature of the slab surface, the thickness of the liquid slag reduces until it is zero at a location 350 mm below the meniscus, where the temperature of the slab surface is lower than that of the slag solidification temperature. Figure 3 shows the distribution of the solid slag thermal resistance. Along the casting direction, the solid slag film at the meniscus is as thick as 0.4 mm. This is because the steel is strongly cooled by the mold plate, and the mold temperature of hot face is lower than that of the slag solidification temperature. The solid slag thermal resistance is approximately 4 × 10 − 4 m 2 ·K/W. The variation of the thickness of the solid slag is extremely slow in the region 200-300 mm blow meniscus, with a possible reason being the decreasing speed of slab surface temperature slowing down. As the surface temperature of the slab is lower than the slag solidification temperature 400 mm away from the meniscus, without the additional supplement of liquid slag, the thickness of the solid slag film does not increase, and the thermal resistance of the solid slag is in the range 0.8 × 10 − 3 − 1.2 × 10 − 3 m 2 ·K/W. Along the slab width direction, the non-uniform distribution characteristics are apparent at the lower part of the mold. At 500 mm away from the left corner and 400 mm away from the right corner of the mold, the thermal resistance of the solid slag is relatively low, about 7.4 × 10 − 4 m 2 ·K/W; it is relatively high at both the right and left corners, about 1.1 × 10 − 3 m 2 ·K/W. The difference between the maximal and minimal thermal resistance along the width direction at the mold exit is about 0.4 × 10 − 3 m 2 ·K/W. Figure 4 shows the thermal resistance distribution of the air gap. Commonly, the thermal resistance of the air gap has a serious influence on the horizontal heat transfer between the slab and mold. The significant difference in the thermal resistance along the slab width direction will cause nonuniformity of the slab solidification and stress concentration near the weak shell, further leading to longitudinal cracks, surface defects and even breakout. An air gap will generate below the position where the slab surface temperature is lower than the slag solidification temperature and there is no additional liquid slag supplement. Thus, the thickness of the solid slag film remains constant. However, the positions of the appearance of the air gaps are not at the same height, and range from 400 to 500 mm below the meniscus. The air gap thermal resistance increases with the thickened solid slag along the casting direction, and the thicker air gap and solid slag in the lower part of the mold cause the temperature falling of the slab to be slower. At the exit of the mold, the thickness of the air gap is approximately 0.5-0.6 mm, and the thermal resistance is about 7.5 × 10 − 4 − 9 × 10 − 4 m 2 ·K/W. These results are in accordance with other published research 11) and verify the reliability of the model. As the heat transfer coefficients of the air gap and solid slag are relatively small, they severely hinder heat transfer lubrication between the mold and slab; therefore, it is of great significance to predict the non-uniform distribution of the air gap and slag films exactly.
Thermal Resistance of the Solid Slag Film
Thermal Resistance of the Air Gap
Total Thermal Resistance between the Mold and
Slab Using the results of the thermal resistances of the air gap and slag films, the total thermal resistance between the mold and slab can be obtained, as shown in Fig. 5 . The total thermal resistance varies from 6.0 × 10 − 4 m 2 ·K/W (at the meniscus) to 2.0 × 10 − 3 m 2 ·K/W (at the mold exit). The change ratio of the total thermal resistance is the largest within 100 mm below the meniscus. However, because the value of the thermal resistance in this region is relatively low, the heat flux is higher and the high heat flux zone forms in this region. In the region from 100 mm below the meniscus to the mold exit, the variation in the thermal resistance slows down and the value of the thermal resistance is relatively high. The variation trend of the thermal resistance is in good general accordance with the heat flux between the mold and slab calculated from the inverse problem model, and the results are proved to be reasonable in theory. It should be noted that the total thermal resistance at 1 600 mm away from the left corner is relatively higher inside the whole mold. In contrast, the minimal total thermal resistance is located at 2 400 mm away from the left corner, which is lower (by 20%) than that of 1 600 mm away from left corner across mold horizontal direction. Higher thermal resistance causes lower heat flux and the growth of the slab shell would be hindered because of the heat quantity accumulation. Meanwhile, the tendency for surface defects in low heat flux region is therefore largest due to the thinner shell thickness, higher surface temperature and the lower high-temperature strength.
Analysis of Heat Transfer Mechanisms in the Slag Film and Air Gap
For conveniently analyzing the heat transfer characteristics and the thermal resistance components of the slag films and air gap, the centerline of the mold wide face is selected as the typical position to discuss the heat conduction, heat radiation and the overall thermal resistance variation trend. Figure 6 shows the variation of the heat conduction, heat radiation and overall thermal resistance inside liquid slag slayer along the longitudinal centerline with a casting speed of 0.65 m/min. Along the casting direction, with decreasing liquid slag thickness, the heat conduction and total resistance reduce, whereas the heat radiation thermal resistance increases. At 330 mm below the meniscus, where the thickness of the liquid slag reduces to zero, the thermal resistance of the heat conduction also reduces to zero. Compared with the thermal resistance of heat conduction, the heat radiation resistance is about three to five times larger around the meniscus. With the decreasing thickness of the liquid slag along the casting direction, the thermal resistance of heat conduction decreases while the heat radia- tion resistance increased. The heat conduction resistance is 2.5 × 10 − 5 m 2 ·K/W while the heat radiation resistance is about 1.3 × 10 − 3 m 2 ·K/W, which is 50 times larger than that of heat conduction at 330 mm below the meniscus. Overall, the total resistance of the liquid slag displays the same trend as the heat conduction resistance. Thus, the heat radiation resistance is the main obstacle for heat transfer in the mold, that is, heat conduction is the primary way for heat transfer in liquid slag. Figure 7 shows the variation of the heat conduction, heat radiation and total thermal resistances of solid slag along the longitudinal centerline of the mold. Along the casting direction, as the thickness of the solid slag film increases, the heat conduction, heat radiation and total thermal resistances increase. Under 330 mm below the meniscus, because of the disappearance of the liquid slag, the thickness and thermal resistance of the solid slag no longer increase. Values of about 1.0 × 10 − 3 m 2 ·K/W for heat conduction thermal resistance, 7.1 × 10 − 3 m 2 ·K/W for heat radiation thermal resistance and 0.9 × 10 − 3 m 2 ·K/W for total resistance. The thermal resistance of heat radiation is about seven times larger than that of heat conduction, which agrees well with other studies. 12, 13) Therefore, heat conduction is the main style of solid slag heat transfer, with 75-80% of the total heat transfer.
Thermal Resistance of the Liquid Slag Film
Thermal Resistance of the Solid Slag Film
Thermal Resistance of the Air Gap
In the middle lower part of the mold, the air gap is a key factor in preventing heat transfer. As shown in Fig. 8 , heat conduction, heat radiation and total thermal resistance increase along the casting direction, due to the increasing thickness of the air gap under 330 mm below the meniscus. Compared with the thermal resistance of heat radiation, which is larger than 15 m 2 ·K/W, the thermal resistance of heat conduction is lower than 1.0 × 10 − 3 m 2 ·K/W, which is more than 10 4 times smaller than that of heat radiation. In addition, the trend in the total thermal resistance of the air gap is the same as that in heat conduction. This means that heat radiation can be neglected when considering the heat transfer of the air gap in the middle lower part of the mold. Figure 9 shows the variation in total thermal resistance of the liquid slag, solid slag and air gap along the longitudinal centerline of the mold wide face. In the middle upper part of the mold, with decreasing temperature of the slab surface, the thermal resistance of the solid slag increases while that of the liquid slag decreases. Around the meniscus, the thermal resistance of the solid slag is two to three times larger than that of the liquid slag. Considering the composition of the thermal resistance, the thermal resistance of the solid slag, containing 60-80%, is the main factor that hinders heat transfer in this region. In the region 330 mm below the meniscus, where the liquid slag film disappears, an air gap forms and the thermal resistance of air gap increases as the temperature decreases, from zero to 0.9 × 10 − 3 m 2 ·K/W at the mold exit, while the thermal resistance of the solid slag stays constant, at about 0.9 × 10 − 3 m 2 ·K/W. Along the casting direction, the percentage of the thermal resistance of the air gap increases in the composition of the total thermal resistance, until it is 50% at the mold exit. In general, the solid slag is the primary factor and affects heat transfer at any height inside mold, and the air gap also plays an important role in the middle lower part of the mold. In other words, the heat transfer capability of the solid slag should be considered firstly inside whole mold, and the position of the appearance and the thickness of air gap should also be considered carefully in the middle lower part of the mold.
Composition of the Total Thermal Resistance
Conclusions
Based on the experimentally measured mold temperature and casting conditions, an inverse heat transfer problem numerical model has been developed. The evolution of slag films, the formation of the air gap and the heat transfer characteristics have been further analyzed to establish a heat transfer numerical model for simulating the non-uniform distribution of the air gap and liquid/solid slag films. Furthermore, the heat transfer mechanisms of heat conduction and heat radiation inside slag films and air gap have been investigated using the model.
Both heat conduction and heat radiation occur in the air gap and liquid/solid slag films. However, different heat transfer mechanisms consist of different percentages of the total heat resistance in air gap and slag layers. Heat radiation comprises 15% of the total heat transfer of the solid slag film at mold exit, whereas in liquid slag film, it decreases from 20% around the meniscus down to zero with reducing thickness of the liquid slag film. The thermal resistance of heat radiation is about 10 5 times higher than that of heat conduction in the air gap.
Under the conditions mentioned in this paper, the thermal resistance of solid slag is about two to three times higher than that of liquid slag, and comprises more than 50% of the total thermal resistance. Along the casting direction, the thermal resistance of liquid slag comprises 20-40% of the total thermal resistance, from the meniscus to 330 mm below the meniscus, and eventually disappears because the slab surface temperature is lower than the slag solidification temperature. With increasing thickness and shrinkage of the slab shell, the air gap between the mold and slab thickening and its thermal resistance comprises nearly 50% of the total thermal resistance at mold exit.
Based on the calculation results mentioned above, decreasing the slag solidification temperature and lengthening the liquid lubrication region is beneficial to promote heat transfer in the middle upper part of the mold, while the appearance position and the thickness of the air gap would apparently affect the middle lower part of the mold. Thus, it is important to identify the distributions and mechanisms of thermal resistances, and to quantify the proportions of thermal resistances with different mechanisms and in different layers for adjusting heat transfer in a mold and for assessing the solidification behavior of the slab shell.
